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TECHNICAL  EVALUATION  REPORT 

Professor  Hyatt  M.  Gibbs,  Ph.D. 

Optical  Circuitry  Cooperative  and  Optical  Sciences  Center 
University  of  Arizona,  Tucson,  Arizona  85721  USA 


PURPOSE  AMD  THEME 

The  purpose  of  the  meeting  was  to  present  the  research  and  development  status  of  optical  circuit 
technology  and  to  examine  its  relevance  in  the  broad  context  of  digital  processing,  communication, 
radar,  avionics,  and  flight  control  systems  implementation. 


The  following  statement  of  the  theme  and  objectives  from  the  meeting  announcement  outlines  the 
rationale  for  a  reexamination  of  digital  optical  circuitry  with  an  emphasis  on  all-optical  systems 
employing  nonlinear  materials: 

"In  the  future  it  will  be  important  that  systems  be  designed  which  fully  utilize 
the  capabilities  of  optical  devices.  Such  systems  which  exploit  the  potential  speed 
and  bandwidth  capability  of  optical  devices,  and  their  capability  for  parallel 
processing  of  information  should  find  significant  applications  in  the  communication, 
computing  and  radar  fields.  Technology  advances  of  the  past  decade  in  optical 
electronics  and  very  recent  laboratory  achievements  may  make  possible  all-optical, 
high-speed,  EMI/EMP  Immune  digital  computers  and  data  distribution  systems.  As  a 
result  of  these  advances  in  technology,  there  are  now  available  sources,  detectors, 
optical  waveguides,  bl-stable  optical  devices,  modulators  and  demodulators  capable 
of  providing  bandwldths  well  in  excess  of  one  gigabit.  This  availability  is 
stimulating  the  examination  of  novel  applications  and  a  refinement  of  device 
performance  goals  Is  now  required. 

The  motivation  for  all-optical  digital  systems  is  derived  from  the  need  to 
satisfy  requirements  for: 

— Very  high  integrity  systems 

— Wide-bandwidth  data  distribution 

— High  speed 

— Real-time  bulk  processing 

— Low  cost 

— Elimination  of  optical  to  electronic  Interfaces 

The  optical  processing  field  is  replete  with  technical  approaches  and  to  some 
extent  there  is  an  Inadequate  understanding  of  the  organization  of  the  problem  area. 

The  proposed  meeting  on  digital  optical  circuits  will  aid  those  on  the  periphery  of 
this  technology  to  understand  Its  goals,  approaches,  and  state  of  the  art.  The 
researchers  and  engineers  who  work  in  this  particular  area  will  have  the  opportunity 
to  meet  with  their  colleagues  and  discuss  the  technical  details  of  this  highly 
specialized  field.  The  state-of-the-art  realizations  and  potential  of  optical  circuit 
technology  are  also  of  Interest  to  a  broad  appllcatlons-orlented  audience  concerned 
with  digital  dAta  processing,  communications,  radar  and  avionics. 

Heretofore,  conferences  dedicated  to  the  subject  of  linear  or  two  dimensional 
optical  processing  have  over-shadowed  the  subject  of  non-linear,  guided  wave,  optical 
bi-stability  circuits.  Recent  advances  with  non-linear  and  bl-atablllty  effects  have 
focussed  attention  on  the  possibilities  for  optical  digital  circuits.  These  circuits 
will  result  from  a  blending  of  non-linear  materials.  Integrated  optica  technology 
and  picosecond  techniques.  It  is  this  latter  subject  area  that  the  proposed 
technical  Specialists  Meeting  on  Digital  Optical  Circuit  Technology  will  focus  upon. 

The  Electromagnetic  Wave  Propagation  Panel  la  assisting  in  the  preparation  of  this 
Meeting." 

EVALUATION 

a.  Material" 

Nonlinear  optical  signal  processing  csn  best  be  done  with  very  large  nonltnearltlea  that  operate  at 
room  temperature,  require  very  low  power  per  logic  element  (microwatts),  snd  are  very  fast  (picosecond). 
No  such  material  has  been  discovered  or  constructed  so  far.  For  most  applications  other  than  a  large 
stationary  computer,  room-temperature  operation  is  highly  desirable  if  not  absolutely  essential.  GaAs, 
in  both  bulk  snd  multiple-quantum-well  (MgW)  structures,  Is  the  most  promising  candidate  at  present 
(talk  H;  wee  Appendix  A  lor  talk  titles  and  authors).  It  is  also  attractive  in  other  ways:  well- 

developed  ami  commercially  available  diode  Users  have  enough  power  and  the  appropriate  emission 
wavelength  to  drive  GaAs  nonlinear  optical  devices;  GaAs  can  be  used  to  fabricate  lasers,  detectors,  and 
high-speed  electronics,  making  It  s  natural  material  for  Integrated  optiral  circuitry;  s  substantial  base 
of  knowledge  and  of  growth  and  fabrication  equipment  already  exists  for  GaAs. 

,  7 

Other  srmli  ondiit  tof  materials  with  latgc  ( -  1  to  lo  1  r"  /kW)  optical  nonl  Inearl  t  lea  are  being 
Invent  Igated:  InSh  ('.  Mm,  .me  photon  hand  filling,  //  K;  talk  I);  Intth  (Id  n«(  two-photon  hand  filling, 
too  K;  talk  U;  <dS  in. VI  M»,  hound  exdlnti,  *’♦  K .  talk  71;  Cut ’.I  (O.  W  yw,  Mexclltm,  '*  R;  tatk  h  amt  Kel. 
I);  I  o’ Ah  (  I  |in,  .me  photon  baud  tilling,  //  K;  Kef.  J)  Cd^Mgj.^Te  <10  Mm,  one-phmun  band  tilling,  V  K; 
talk  1);  i<l»Mg,.*Tr  (  III  two-plmioo,  MM)  K;  talk  I);  /id  (IMh  t"  O.h'i  ym,  Iheimal,  100  K;  talk  M); 
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ZnSe  (0.51  to  0.65  ud,  thermal,  300  K;  talks  8  and  9).  Semiconductor  resonantly  enhanced  Interactions 
have  short  absorption  depths  (*  1  wb),  permitting  very  short  and  fast  decision  making  devices. 


Pipeline  data  applications  may  use  guided-wave  devices  with  lengths  from  one  to  several 
millimeters;  semiconductors  can  be  used  farther  off  resonance  or  in  overlays  in  which  only  the 
evanescent  field  exMrie^ces  the  nonlinearity.  The  much  longer  interaction  distances  make  the  much 
smaller  (10  to  10  CB  /kW,  i.e.,  very  large  compared  with  other  known  nonresonant  nonlinearities)  but 
faster  nonlinearities  of  some  organic  materials  attractive  (Ref.  3). 


Clearly  the  search  for  larger  and  faster  nonlinearities,  especially  those  still  effective  at  room 
temperature,  should  continue. 


b.  Devices 


Nonlinear  optical  devices  for  signal  processing  can  be  classified  roughly  into  two  categories: 
nonlinear  etalons  in  which  the  light  beams  travel  perpendicular  to  the  plane  of  the  etalon  and  nonlinear 
waveguide  devices  in  which  the  light  is  guided  through  the  nonlinear  medium. 


1.  Etalons 


Nonlinear  etalons  are  attractive  for  parallel  processing  because  up  to  a  million  beams  could  be 
focused  on  a  single  etalon,  defining  an  independently  functioning  pixel  for  each  beam.  In  the  space 
between  the  nonlinear  etalons  the  beams  can  be  directed,  Imaged,  or  transformed  by  linear  optical 
devices;  the  beams  can  pass  through  each  other  without  interfering.  That  is,  the  power  and  advantages 
of  optics  can  be  fully  utilized,  and  the  nonlinear  etalons  make  the  logic  decisions. 


A  thin  film  of  nonlinear  medium  can  exhibit  optical  bistability  or  thresholding,  for  example,  by 
three  different  mechanisms:  absorptive  and/or  dispersive  bistability  with  external  feedback  or  by 
Increasing  absorption  bistability  with  only  intrinsic  feedback.  The  lowest  powers,  fastest  speeds,  and 
highest  transmissions  have  been  achieved  using  dispersive  bistability.  The  most  promising  devices  to 
date  are  GaAs  (talk  8)  etalons  and  ZnS  (talk  8)  and  ZnSe  (talks  1,  8,  and  9)  interference  filters  for 
roora-temperature  parallel  processing. 


If  one  Imposes  a  maximum  heat  load  of  100  W/cm2,  consistent  with  some  electronic  designs,  one  can 
extrapolate  present-day  one-  or  few-beam  experiments  as  follows.  An  array  of  10&  spots  with  10  mW  per 
spot  could  run  cw  or  up  to  10  KHz  on  a  5-cm2  ZnS  interference  filter  assuming  25 Z  absorption  (i.e.,  up 
to  10*0  operations  per  second).  An  array  of  106  NOR  gates  with  1  pj  per  gate  could  run  at  100  MHz  on  a 
1-cm2  GaAs  etalon  (i.e.,  up  to  1014  operations  per  second).  Clearly  lower  powers  are  desirable,  but 
these  numbers  are  becoming  reasonable  enough  to  warrant  the  design  of  special-purpose  few-pixel 
demonstrations  In  order  to  study  other  problems  associated  with  parallel  processing  of  multiple  beams: 
crosstalk  via  diffraction,  diffusion,  or  luminescence;  heat  dissipation;  and  uniformity  of  thickness;  for 
example. 


Nonlinear  etalons  are  able  to  perform  all  of  the  basic  logic  operations  (calks  1,  2,  3,  8,  9). 
Under  certain  conditions  the  transmission  of  a  nonlinear  etalon  can  become  unstable;  that  is,  for  a 
noise-free  steady  input  Intensity,  the  output  intensity  can  become  time  dependent.  If  the  round-trip 
time  tR  exceeds  the  medium  response  time  tM,  the  output  may  undergo  very  regular  oscillations  with  a 
period  of  2tR.  As  the  values  of  are  reduced,  faster  and  faster  all-optical  oscillators  can  be 
constructed  (talk  4). 


Moat  of  the  device  research  is  directed  toward  the  improvement  of  the  most  promising  nonlinear 
etalons.  But  It  Is  Important  to  pursue  studies  of  fundamental  limits,  such  as  determining  the  smallest 
number  of  nonlinear  atoms  required  for  bistability  and  achieving  bistability  without  a  cavity  (talk  7). 


2.  Waveguides 


Waveguides  permit  the  maintenance  of  high  light  Intensity  over  long  propagation  distances.  Only 
the  Largest  non! Inearl ties  are  useful  for  nonlinear  etalons  because  diffraction  limits  the  strong-focus 
length  (the  Rayleigh  length  ■  *w02/X,  where  wQ  is  the  beam  waist  at  the  focus  and  X  Is  the  wavelength) 
to  micrometer  distances.  In  contrast,  smaller  and  perhaps  faster  nonlinearities  can  be  useful  for 
gulded-wave  devices.  Of  course,  the  transit  time  increases  with  interaction  length.  But  in  pipelining 
applications,  such  as  data  encryption  and  decoding,  transit  time  Is  unimportant  provided  the  medium 
response  is  fast  enabling  a  short  time  between  pulses. 


The  development  of  all-optical  waveguide  bistable  devices  has  lagged  behind  that  for  etalon 

devices.  There  have  been  a  number  of  hybrid  devices  utilizing  waveguide  modulators.  With  fast 

detectors  and  amplifiers,  hybrid  devices  can  operate  In  tens  of  nanoseconds  with  very  low  optical 
powers.  External  amplifiers  and  power  supplies  can  be  eliminated  if  millisecond  response  time  is 
acceptable.  Fast  hybrid  devices  might  he  the  best  way  to  harden  sensitive  detectors  and/or  eyes  against 

Inner*.  Illgh-npeed  optoelectronic  switches  may  he  useful  In  this  context  (talk  t  3).  Particularly 

attractive  are  devices  based  on  Interferometric  modulators  such  as  the  Mach-Zehnder  directional  coupler 
modulator  (talk  10). 


All-optical  waveguide  devices  are  In  an  early  stage  ol  development  with  the  emphasis  upon 

feasibility  atudles.  The  guide  material  can  be  nonlinear  In  principle,  but  the  common  materials  tor 

conalTuctlng  waveguide*  are  not  always  the  most  nonlinear.  And  the  nouilueat  material*  often  have 

loaaes  preventing  propagation  distance*  of  several  millimeters.  The  solution  being  tried  In  several 
labs  I*  to  overlay  the  nonlinear  material  on  top  of  a  convent Iona  I  waveguide.  The  evanescent  wave  can 
be  ad  Justed  to  give  the  deal  red  ptiUNe  nhltt  with  an  ept  able  losses  In  distances  convenient  lot  waveguide 
construc  tion.  Talk  r»  discusses  liquid  t;S^  contacted  to  a  waveguide  prepared  hy  silver  sodium  Ion 

exchange  In  Schott  gins*  type  F*>.  I.lght  ol  1.06-Mm  from  a  Nd:YA(i  pulsed  laser  In  prism- coupled  ot 
endftied  Into  I  he  nonlinear  waveguide  alto*  tote.  The  time  t»f  tire  <  \>  wlmuld  he  \  t l  !*• «  l,u* 
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the  response  Has  not  been  studied  with  Aiihnanosernnd  resolution.  J’o  1  yd Ucet h v I ene  linn  a  higher  **  ^  a»«1 
should  a  I  so  he  subplronecnnd.  Reference  4  ilescilltes  esrllri  slntlleN  with  Uqutd-r  r  yat  n  1  nonlinear 
nvri  lays  slid  iccoiid  response  times. 

An  Attrsction  of  using  semiconductor  wsvcguldoa  is  the  potential  for  integrAtlng  optical  sources, 
detectors,  and  electrical  components  on  the  same  substrate.  Talk  II  discusses  the  problems  and 
possibilities  in  great  detail  and  concludes  that  semiconductor  waveguide  performance  should  eventually 
be  comparable  to  that  of  MNbC^,  the  standard  material  for  waveguide  devices. 

It  Is  anticipated  that  the  development  of  nonlinear  optical  gulded-wave  devices  for  serial 
processing  will  be  very  rapid,  driven  by  the  great  success  ol  optical  libers  lor  Long-distance 
communications  and  the  anticipated  demand  for  gulded-wave  optical  Interconnects  within  electronic 
computers. 

c.  Optics  in  Computers 

The  progression  of  optics  within  digital  computers  is  likely  to  be  guided'  vavu  intern. n.iects,  lrrae* 
apace  Imaging  Interconnects,  special-purpose  optical  processors,  and  finally.  If  ever,  all-optical 
computers. 

Gulded-wave  interconnects  can  use  existing  technology  developed  for  optical  conmunlcat Ion  links; 
namely,  sources,  modulators,  optical  fibers,  and  detectors.  Integration  of  all  needed  components  la 
the  objective  of  much  of  the  current  research  and  development. 

Much  less  developed  or  accepted  Is  the  Imaging  of  whole  arrays  of  Information  from  one  chip  or 
board  to  another.  Spatial  light  modulators  (talk  15)  and  detector  arrays  Are  essential  for  the  Jfght- 
elertronlcs  Interfaces.  If  nonlinear  arrays  can  be  used  to  reduce  the  data,  then  a  single  detector  or 
f ewer-element  detector  arrays  would  suffice.  Imaging  Interconnects  would  utilise  the  advantages  of 
light  beams:  massively  parallel,  no  Interaction  between  beams  passing  through  each  other,  and  fastest 
propagation  speed,  for  example.  Dynamically  programmable  interconnects  In  which  beams  are  redirected 
during  computation  can  be  conceived  (talk  17),  emphasizing  that  optics  offers  some  unique  possibilities. 

Special-purpose  optical  add-ons  to  electronic  computers  are  already  being  marketed  (Ref.  5).  Some 
operations  that  optics  can  do  better  (quicker,  cheaper,  smaller  space)  are  farmed  out  to  the  optics 
device  and  the  answer  is  fed  back.  The  evolution  of  electronic  computers  16  itself  In  this  direction  of 
parallel  architecture  and  dedicated  subprocessors,  making  the  resistance  to  the  use  of  an  optical 
dedicated  device  much  lower.  The  study  of  computer  architecture  especially  designed  to  fully  utilize 
the  new  possibilities  with  optics  is  very  important  (talk  18;  Ref.  6). 

Perhaps  someday  there  may  even  be  an  all-optical  computer.  Talk  14  discusses  this  possibility  with 
considerable  optimism  based  on  several  facts:  the  electronic  computer  Is  In  trouble  not  because  of 
swlcchlrtg  speed,  but  because  of  communication  problems;  optics  is  not  starting  from  zero,  since  linear 
operations  such  as  imaging  and  Fourier  transformation  have  been  performed  for  many  years;  photons  cross 
with  no  interaction  except  for  very  localized  regions  where  "exotic"  nonlinear  material  Is  carefully 
placed;  optics  is  naturally  suited  to  massive  parallelism  so  the  optical  logic  components  can  be  far 
Inferior  and  still  yield  much  better  systems  performance. 

CONCLUSIONS 

It  Is  a  near  certainty  that  optical  circuit  elements  and  devices  will  find  commercial  and  military 
applications  In  an  increasing  number  of  cases.  Serial  data  processing  for  communications  such  as 
telephony,  data  transmissions,  and  connections  between  and  within  computers,  will  surely  result  in 
greater  and  greater  demands  for  high-speed  integrated  source/raodulator/fiber-lnterface/detector  chips. 
Massively  parallel  systems  utilizing  Imaging  and  nonlinear  arrays  will  take  longer  to  develop  but  will 
be  necessary  to  handle  pattern  recognition  or  guidance  decisions  In  real  time.  Whether  or  not  there 
will  ever  be  an  all-optical  computer  seems  rather  Irrelevant.  The  important  point  is  that  optical 
circuitry  certainly  has  contributions  to  make.  Let's  see  how  well  It  can  do. 

RECOMMENDATIONS  FOE  FUTURE  EFFORTS 

Research  and  development  should  be  directed  toward  the  search  for  better  nonlinear  materials,  th* 
optimization  of  the  growth  of  known  materials,  the  optimization  of  nonlinear  devices  (design,  coatings, 
etching,  or  background  losses  may  degrade  performance  well  below  that  predicted  for  the  known 
nonlinearity  in  an  ideal  device).  Improvement  of  Light-electronics  Interfaces,  the  construction  and 
resting  of  prototype  systems,  and  the  development  of  new  algorithms  and  architectures  taking  advantage 
of  actual  and  perceived  optical  devices.  The  July  1984  IEEE  Proceedings  Special  Issue  on  Optical 
Computing  (Ref.  7)  is  an  excellent  place  to  find  many  more  details  (see  also  Refs.  8-11). 

Concerted  efforts  such  as  the  European  Joint  Optical  Bistability  effort  or  the  Optical  Circuitry 
Cooperative  at  the  University  of  Arizona  should  accelerate  progress  in  this  field. 
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COMMUNICATION  SYSTEMS 
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Prof.  J.  E.  Carroll  and  I.  H.  White 

University  of  Cambridge,  UK 
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